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While it has been shown previously that ultraviolet light sensitizes  cells to 
heat (for references see Giese and Crossman, 1945)  no one seems to have tried 
the effects of visible light in the presence of photodynamic dyes for this purpose. 
Since the amount of energy available in quanta of visible light is so much less 
than that available in the ultraviolet it is possible that no sensitization  occurs. 
On the other hand it is well known that in the presence of photodynamic dyes 
enough energy of visible wavelengths is absorbed to kill (Raab, 1900).  If the 
dye absorbing the energy can reach the sensitive molecules or can transfer the 
energy to them, sensitization should occur.  Positive results are reported  be- 
low: In other words, a sublethal dosage of visible light in the presence of photo- 
dynamic dyes, followed by a  sublethal dosage of heat results in  death,  even 
though the additive effect of the two in reverse order does not kill.  The im- 
pUtations of these results are considered in the discussion. 
Materials and Methods 
Paramecium caudatum was used as the test organism and the cultures were handled 
in essentially the same manner described in the preceding paper (Giese and Crossman, 
1945).  The source of light was a  100  watt  General Electric projector spot CH-4 
mazda lamp.  The lamp was generally run for about 30 minutes before use; by that 
time it had reached a fairly constant intensity as determined by photometer readings. 
It was used at a distance of 75 era. from the specimens.  The light was filtered through 
20 cm. of water to cut out the infrared rays.  To obtain only visible light Corning 
filter No. 3389 was used.  This filter according to the  information furnished by the 
Coming Company has a cut-off at about 410 m# and transmits about 70 per cent from 
wavelength 440 m# and 86 per cent from 510 m~ on through the visible.  In some of 
the experiments Coming filter No. 3060 was used where it was desired to include  the 
extreme violet end of the spectrum.  This filter has a cut-off at 370 m/a and transmits 
about 30 per cent at 400 mt~ and about 86 per cent from 510 m/~ on through the visible. 
For determination of the intensity in absolute units a thermopile protected by neutral 
filters of known transmission was used.  The thermopile was calibrated against U. S. 
Bureau of Standards Lamps.  The average intensity of the fight striking the experi- 
mental animals without a filter is 1390, with filter No. 3060, 1190 and with filter No. 
3389, 1010 ergs/mm.2/sec. 
* This work was in part supported by funds furnished  by The Rockefeller Foun- 
dation. 
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EXPERIMENTAL 
1.  Effects of Visible Light Alone 
Irradiation of paramecia through Coming filters No. 3060 and No. 3389 for 
as long as 2½ hours in the absence of photodynamic dyes had not the slightest 
visible effect on the animals nor was there any trace of sensitization to heat. 
This shows that even the relatively intense light is not injurious under the con- 
ditions of the experiment.  These experiments serve as a check on the technique 
since they indicate that short wavelengths which are so effective in sensitizing 
to heat are not escaping through the filters and affecting the organisms.  Visible 
light has been observed to retard division in Blepharisma, but in this case a 
reddish pigment is present in the cell (Giese, 1938).  It is possible that if the 
intensity were greatly increased some injury to paramecia might occur since 
even killing of bacteria has been observed following huge dosages of mixed long 
ultraviolet and visible light (Hollaender, 1943). 
2. Effect of Visible Light in Presence of Photodynamic Dyes 
Visible light in the presence of even as low a concentration of dye as 1: 200,000 
(eosin or other photodynamic dyes) will kill paramecia as can be seen from 
Table I.  After an exposure in the presence of the dye of i  the lethal time there 
is no visible change in the activities of the paramecia.  The division rate of the 
animals is not altered nor is a  lag observed before division begins, indicating 
that the light has had no effect on the division mechanism of the cell.  However, 
if such paramecia are now exposed to heat they succumb after an exposure which 
is short compared to that required to kill controls not exposed to light.  The 
data for a number of dosages are summarized in Table I  and  Fig.  1.  As  the 
light exposure increases the thermal exposure required  for  killing  decreases. 
The relationship between the two exposures is a concave curve.  In this respect 
it resembles the results previously obtained with ultraviolet light  (Giese and 
Crossman, 1945). 
When the concentration of the dye is decreased the light dosage must be in- 
creased as shown in Fig. 1.  Under these conditions less of the light needed for 
the sensitization is absorbed since the absorption will depend upon the number 
of dye molecules; i.e., the concentration available for the purpose. 
Various dyes act in the same manner: thus in the fluorescein series, fluorescein, 
erythrosin, and eosin sensitize in the same manner but erythrosin is the most 
effective, fluorescein least.  Even a  1:2000 fluorescein solution sensitizes but 
slightly and lesser concentrations seem to be without effect except after very 
prolonged exposures.  Eosin in  1:200,000 dilution has about the same effect 
as fluorescein 1: 2000 as shown in Fig. 2 and in Table I.  Hematoporphyrin has 
a striking efficiency, as shown in Fig. 2.  It is possible that the efficiency is cor- 
related with  the degree or type of union between the dye molecule and the TABLE 1 
Sensitization to Heog by Liglg 
Dye 
Eosin 
Eosin 
Eosin 
Eosin 
Eosln 
Eosin 
Erythrosin 
Fluorescein 
Hematoporphyrin* 
None 
Concentration 
1:200,000 
1:20,000 
1:20,000 
1:20,000 
1:20,000 
1:20,000 
1:200,000 
1:2,000 
1:100,000 
posure 
Fraction 
of lethal 
dosage 
0.26 
0.49 
0.71 
0.89 
0.19 
0.35 
0.73 
0.99 
0.19 
0.38 
0.69 
0.97 
0.22 
0.39 
0.66 
0.85 
0.29 
0.33 
0.72 
0.97 
0.13 
0.27 
0.46 
0.83 
0.17 
0.43 
0.62 
0.71 
0.I0 
0.18 
0.54 
0.80 
0.05 
0.12 
0.27 
0.47 
0.14 
0.37 
0.71 
* Actually the concentration was less than this since not quite all of the sample dissolved. 
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molecules of the cell to which it unites.  If the fraction of thermal lethal dose is 
plotted against the fraction of the light lethal dosage as in Fig. 3 the fluorescein 
dyes fall in one group and the hematoporphyrin falls in another, showing its 
much greater efficiency. 
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FIG. 1.  Heat sensitizing effect of visible light in presence of eosin of different con- 
centrations. 
3.  Effect of Long Ultraviolet Radiations Compared to Visible Light  I 
If the light is filtered only through the water cells to remove heat but not 
through the filters which remove long ultraviolet, it is found that prolonged 
radiation will kill the paramecia and sublethal dosages will sensitize them to 
sublethal heat exposures even without eosin.  This system having 4 thicknesses 
of glass transmits the longer ultraviolet between about 3500 and 4000/~ in addi- 
tion to the visible spectrum although no attempt was made to determine the 
exact limits.  The exposure is about twenty times that required in the presence 
of eosin using visible light only (Table I and Fig. 4).  This indicates that these 
radiations are absorbed relatively slightly.  Photographs of cells in the long 
ultraviolet show this is indeed the case (e.g. Swarm and del Rosario, 1932) and 
1 We are indebted to  Miss Janet  Settle  for preliminary experiments  with long 
ultraviolet radiations. I00 
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I~G. 2.  Sensitization  to heat by various photodynamic dyes, compared on the basis 
of exposure time.  On  the  fluorescein  curve  the  empty circles are for ftuoreseein 
1:2000,  the circles with dots are for 1:200,000  eosin added for comparison. 
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I~G. 3.  Sensitization  to heat by various dyes, compared on the basis of the per cent 
of lethal dose required for a given sensitization  to heat. 
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spectrophotometric  studies  on  proteins  demonstrate  the  same  for  nucleo- 
proteins  and  simple  cytoplasmic proteins  (Caspersson,  1936).  That  apart 
from their inefficiency, these radiations act like the shorter radiations is 9or 
unexpected judging from their sublethal effects observed in other cases  (for 
references see Giese, 1945, Table 2). 
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FIG. 4.  Sensitization to heat by visible light in presence of eosin compared to sensi- 
tization by long ultraviolet light. 
If in addition to being irradiated with all the spectrum transmitted through 
the water cells  the paramecia are now sensitized by eosin, they are affected 
much more readily than when the filter is used to cut off the long ultraviolet 
rays.  Apparently the ultraviolet radiations not only affect the ceils directly 
but also, after absorption by eosin judging from the following facts.  (1)  Kill- 
ing with the entire spectrum occurs in 60 per cent of the time for visible light 
alone, in both cases with 1 : 20,000 eosin.  (2)  No injury or sensitization occurs 
from visible light alone in absence of dye.  (3)  The injury from irradiation with 
the entire spectrum in the absence of dye is only ~  of that occurring from 
visible light and ~  of the effect from the erltire spectrum  in presence  of the 
dye.  The increased efficiency in (1) is much greater than can be accounted for 
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4.  Recovery  from the Sensitization to Heat 
To ascertain the nature of the sensitization effect it is necessary to determine 
how long the change which results in heat sensitivity is retained by the proto- 
plasm of the cell.  For this purpose the paramecia were irradiated on a given 
day and then tested at daily intervals until they had recovered normal semi- 
tivity.  The results are given in Fig. S.  It will be observed that about 4 days 
are necessary for complete revovery.  Recovery occurs most rapidiy during the 
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FIG. 5. Recovery from heat sensitizing effects of exposure to visible light in pres- 
ence of eosin. 
first day, then proceeds at almost a constant rate for the next 3  days.  This 
shows that the effect of light is quite permanent--very much like the effect of 
ultraviolet radiations discussed in the preceding paper (Giese and  Crossman, 
1945). 
DISCUSSION 
The results described in this paper demonstrate that even visible light can 
sensitize cells to heat in the presence of a photodynamic dye just as long and 
short ultraviolet light can sensitize to heat in the absence of the dye.  The 
mechanism by which this occurs in the visible spectrum is unknown but on the 
basis of various facts obtained by action of dyes upon the organism and irt 
vitro and on the basis of similarities between the action of visible and ultraviolet 
light a possible mechanism may be outlined.  Thus it is known that in vitro the 200  SENSITIZATION  OF  CELLS  TO  HEAT  BY  VISIBLE  LIGHT 
photodynamic dyes readily photosensitize  proteins and amino acids but only 
slightly affect carbohydrates and lipid materials (Schmidt and Norman, 1922; 
Carter, 1928).  The dye probably attaches itself to the protein.  The protein 
alone is unable to absorb light but the chromophore of the dye absorbs the light 
and carries this energy across the linkage to a peptide or other bond.  It has 
been demonstrated that ultraviolet light absorption results in breakage  of the 
peptide bond (Carpenter, 1940).  However,  the same may not be true in the 
visible spectrum since there is much less energy available.  Thus at 2000 .~ in 
the ultraviolet 142,000 calories per mole are available, whereas at 4000/~ in the 
visible only half as much is available.  Nevertheless this may be sufficient since 
only 48,600 calories per mole are required to disrupt the peptide bond (Pauling, 
1939).  The answer lies in the amount of energy lost in the transfer of the 
energy from its absorption by the chromophore  to its action at the bond. 
While the end result of the action of visible and ultraviolet rays is the same 
and the general mechanism may be similar the steps involved may be different. 
Photodynamic effects in all cases studied take place  only in the presence  of 
oxygen  (Blum,  1941), whereas  ultraviolet radiations act equally well in the 
absence of oxygen.  It is thought that in photodynamic action the dye passes 
the energy absorbed to the molecule to which it is attached which then becomes 
excited.  The excited molecule reacts with oxygen perhaps forming a peroxide. 
Such a reaction might well affect some important bonds in the molecule.  Pre- 
sumably some of the proteins affected in this manner might be catalytically 
important.  So long as the culture temperature is maintained the organism is 
not affected and judging from the rate of recovery the important molecules are 
either repaired  or replaced,  probably the latter.  When the temperature is 
raised  the thermal agitation results in the disruption of the injured molecule. 
The loss of a sufficient number of such molecules results in death.  In the nltra- 
violet part of the spectrum the chromophores which absorb the light are present 
in the proteins,  aromatic amino acids, purines, and pyrimidines serving in this 
r61e.  The energy absorbed is passed to other parts of the molecule and certain 
bonds are affected.  Presumably in this case also certain important catalytic 
proteins are affected and so  long as the culture temperature is maintained 
nothing happens.  But if sufficient thermal agitation at a higher temperature 
occurs, the molecules are disrupted, leading to death. 
The partial denaturation of proteins by light, visible or ultraviolet, suggested 
by sensitization to heat, is in agreement with the postulation of partial stepwise 
denaturation of proteins in a possible "A to Z" series of steps by various dena- 
turants (Neurath, Greenstein, Putnam, and Erikson, 1944).  Light may carry 
the protein from state A to G, let us say; heat may then carry it on to state Z. 
The locus of action of ultraviolet light and photodynamic dyes may be differ- 
ent.  Thus  ultraviolet light penetrates  the  entire  cell  and  is  absorbed  by 
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case.  In photodynamic action no effects on division are observed even if just 
less than a lethal dosage of light is given; once the paramecia are affected to the 
extent that vesicles appear, they die,  This suggests a  superficial effect of an 
all-or-none type (Giese,  1943, unpublished).  On  the  other hand Beck and 
Nichols (1937) have shown that although they could not demonstrate a correla- 
tion between vital staining and efficiency of photodynamic action nevertheless 
when the external pH is changed in such a way as may be expected to enhance 
penetration of the dye, it almost invariably increases its toxicity and photosensi- 
tizing powers.  If this interpretation is correct the dyes may act deeper in the 
cell than is commonly supposed.  In that case perhaps the locus of action of 
ultraviolet and visible light with photodynamic dyes may be  similar.  The 
slow recovery and the complete lack of any visible surface effects from sublethal 
dosages of light in presence of the dyes would favor the conception of a deep 
seated effect.  Studies on the variation in the sensitization to heat by sublethal 
dosages of visible light in the presence of photodynamic dyes correlated with 
changes in pH may furnish evidence for or against this interpretation.  Such 
experiments are in progress. 
1.  Visible light of high intensity does not injure paramecia or sensitize them 
to heat. 
2.  If photodynamiC dyes are added, paramecia are readily killed by visible 
light of high intensity and are sensitized to heat by sublethal dosages of light. 
3.  Cells so sensitized are killed when subjected to a  sublethal exposure to 
heat. 
4.  If the light and heat are applied in the reverse order, namely, heat and then 
light, no ill effects are observed. 
5.  When the concentration of dye is reduced a larger light dosage is required. 
6.  Recovery from sensitization is slow, requiring about 4 days for a  ]  lethal 
dosage. 
7.  Sublethal dosages of light in the presence of dyes do not affect the division 
rate even when -I the lethal dosage has been used. 
8.  A  possible  explanation for  the  photodynamic sensitization to  heat  is 
discussed. 
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